, Mich. , and d Perinatology Research Branch, NICHD, NIH, DHHS, Detroit, Mich. , and Bethesda, Md. , USA retrosplenial cortex may be caused by loss of presynaptic input from the thalamus. Our study indicates that the cognitive impairments seen in patients with CP may be related to the degeneration of neurons and abnormal arborization of the thalamic and cortical neurons.
can trigger perinatal inflammation via activated microglia. Because activated microglia are found in large densities in the white matter tracts during the second and third trimesters [8] , an immune activation during this period can inflict a deleterious effect on the developing brain by changing the microglial function and altering the balance between neuroprotection and neurodegeneration [9] .
In our model of CP, we have reported a substantial increase in activated microglial cells in the white matter regions of rabbit kit brains after exposure to maternal intrauterine lipopolysaccharide (LPS) injection at gestational age 28 days [10, 11] . The increase in activated microglia correlated with a decrease in myelin basic protein and increase in motor deficits in these kits [10] . We have also shown that maternal endotoxin exposure results in decreased cortical serotonin concentration and loss of serotonin-immunoreactive axons in the somatosensory cortex of newborn rabbit kits [12] . Serotonin can regulate processes such as neurogenesis, apoptosis, axon branching, and dendritogenesis and is thought to exert a neurotrophic effect [13] . Early postnatal depletion of serotonin has been shown to reduce the length of dendrites and the number of dendritic spines in the hippocampal neurons [14] .
In this study, we hypothesized that maternal endotoxin exposure would result in loss of thalamic neurons, decreased arborization and injury to cortical neurons in the newborn rabbits. The thalamus is one of the brain regions most commonly affected in patients with CP [15] [16] [17] . It is an important relay station that coordinates all sensory signals before they are transmitted to the cortex. Atrophy of the thalamus has been described in patients with PVL [6] . We evaluated the neuronal injury in the anterior thalamus because this region is involved in learning and memory, and damage to it could be vital in the pathogenesis of subsequent cognitive impairment in patients with CP. The anterior nuclei of the thalamus project mainly to the retrosplenial cortex (RSC), which plays a critical role in cognition and memory. The cortical plate of the retrosplenium, which is located between the hippocampus and neocortex, has afferent and efferent connections to the anterior thalamus. The RSC integrates information received from hippocampus, visual cortex, and anterior thalamus [18] and codes for cognitive functions [19] . RSC hypoactivity has been reported in patients with Alzheimer disease and diencephalic amnesia [20] [21] [22] . Damage to the RSC is sufficient to induce cognitive deficits, whereas lesions in the anterior thalamus amplify the impact of impairments of the RSC [21, [23] [24] [25] [26] .
Materials and Methods

Animal Model
New Zealand white rabbits with timed pregnancies were obtained from Covance Inc. (Covance Research Products Inc., Kalamazoo, Mich., USA). Pregnant rabbits underwent laparotomy at 28 days' gestation (term pregnancy = 31 days) under general anesthesia (2-3% isoflurane by mask) as previously described [10-12, 27, 28] . Briefly, 1 ml of saline solution (control-saline) or 1 ml of saline containing 20 μg/kg LPS (endotoxin; Escherichia coli serotype O127:B8, Sigma-Aldrich, St. Louis, Mo., USA) was injected along the length of the uterus between the fetuses, as previously described [10-12, 27, 28] . A third group consisted of rabbits that had no surgical intervention (control-no intervention). All kits were born spontaneously on gestational day 31. All surgical procedures were approved by the Institutional Animal Care and Use Committee. A total of 15 pregnant rabbits and 42 kits were used for the study. Each group was composed of 5 pregnant rabbits with 3-4 kits from each litter that was randomly distributed for immunostaining, Golgi staining or Western blot analysis. All the kits underwent neurobehavioral testing as previously described for rabbits [10, 29, 30] .
Immunostaining
On day 1 of life, kits from the control-no intervention, controlsaline, and endotoxin groups (4 kits/group) were euthanized and perfused with 10% formalin. The brains were post-fixed, cryoprotected and cut into 30-μm coronal sections and mounted on poly-L-lysine-coated slides (Sigma-Aldrich). The thalamus was identified at the level of the dorsal hippocampus, where there is clear demarcation of anterior, medial and lateral nuclei as indicated in figure 1 a. For quantification of MAP2-stained neurons in the anterior thalamus, 5 coronal sections, 90 μm apart were used. The sections were stained overnight with mouse anti-MAP2 (1: 100; Covance, Emeryville, Calif., USA) at 4 ° C and then treated with biotinylated secondary goat anti-mouse IgG (1: 200; Vector, Burlingame, Calif., USA) at room temperature followed by Avidin biotin complex. Color was developed by using 3,3 ′ -diaminobenzidine (Sigma-Aldrich).
Fluoro-Jade C Stain
Coronal sections from the three groups (n = 4 kits/group, 5 sections per kit) were stained with Fluoro-Jade C according to the manufacturer's instructions. Briefly, sections were immersed in alcohol containing 1% sodium hydroxide in 80% ethanol for 5 min, rinsed for 2 min in 70% alcohol followed by 2 min in distilled water, and then incubated in 0.06% potassium permanganate solution for 20 min. The slides were transferred to a 0.00005% solution of Fluoro-Jade C in 0.01% acetic acid for 10 min. For each section, four separate fields at ×40 magnification of the anterior thalami were examined, and the number of Fluoro-Jade C-positive cells was counted.
MAP-2 Cell Count in the Thalamus by Stereology
To obtain an unbiased estimate of the total number of MAP2-positive neurons in the anterior thalamus, we used an optical fractionator probe (Stereo Investigator, MicroBrightfield Inc., Williston, Vt., USA) [31] . The cells stained with anti-MAP2 antibody were visualized under a BH2 Olympus light microscope (Olympus Optical Co. GmbH, Hamburg, Germany) attached to a motorized stage and a stage encoder. The boundary of anterior dorsal, anterior ventral, and lateral dorsal nuclei was outlined as in figure 1 a in each section under ×4 magnification by drawing a contour. The sections were further visualized under ×40 magnification with a sampling grid (area sampling fraction = 150 × 150 μm 2 ) and systematic uniform random sampling (x = 315.2 and y = 353.9). The average section thickness ranged between 8 and 10 μm, and the guard zone was calculated as 1%. The total number of cells was determined by the formula
where ΣQ − is the total number of neurons counted, t is the mean section thickness, h is the height of the optical dissector, asf is the area sampling fraction, and ssf is the section sampling fraction.
Golgi Stain and Sholl's Analysis
Kits from all three groups (4 kits/group) were sacrificed on day one of life. The brains were removed and processed for Golgi Cox staining (supplied by FD Neurotechnologies Inc., Ellicott City, Md., USA) as 120-μm coronal sections. All slides were coded to prevent experimenter bias. The cortical neurons were viewed at random with a Leica DM 2500 microscope (Leica Microsystems, Wetzlar, Germany). All coronal brain sections from the level of bregma to the dorsoventral hippocampus were used. The RSC was identified as the cortical region close to the midline and above the corpus callosum (see fig. 3a ) [32] . We selected 8-10 neurons in each kit that were dark, consistently impregnated with silver throughout the extent of all the dendrites, and relatively isolated from neighboring impregnated neurons. Neurons with truncated branches were omitted. Those cortical neurons that fulfilled the criteria were drawn by using camera lucida at ×40 magnification. We quantified and analyzed dendritic branching points and dendritic intersections using Sholl's analysis [33] . We drew concentric circles that were 50 μm apart on tracing paper using a stage micrometer scale at the same magnification at which the neurons were drawn. The center of the cell body of the neuron was placed at the center of the circle as the reference point. Dendritic intersections and branching points were measured from the soma by calculating values in each successive concentric segment. The dendritic branches and intersections were studied up to a length of 250 μm from the center of the soma.
Spine Quantification
Spines from the primary dendrites of the cortical neurons were visualized under an oil immersion objective (Leica immersion oil, Leica Microsystems) on an Olympus BX51 microscope (Olympus, Melville, N.Y., USA) and analyzed with Neurolucida image analy- Representative images of MAP2-stained neurons in the anterior thalamus of 1-day-old kits born to mothers exposed to endotoxin or saline or who had no intervention. Arrows indicate MAP2-stained neurons. Scale bars = 10 μm. c The number of MAP2-stained neurons was significantly less in endotoxin-exposed kits than in kits from the two control groups. * * * p < 0.001, the endotoxin group was significantly different from the control groups (4 kits/group). Controlno intervention Control-saline Endotoxin sis software 6.21.2 (Microbrightfield). Five primary apical dendrites were selected randomly from the main shaft of cortical neurons along a distance of 50-250 μm. All protrusions that had direct contact with the primary dendrite and were within a distance of 50 μm were counted as spines. The 50-μm length was further divided into five segments of 10 μm along the primary apical dendrites.
Western Blotting
Brain tissue lysates from cortex (40 mg protein) were prepared by standard techniques and separated on 12% NuPage Novex BisTris MiniGels for Western blot analysis (XCell SureLock Mini-Cell, Invitrogen, Carlsbad, Calif., USA). Protein was transferred and immunoprobed according to previously described electrophoretic transfer and blotting methods (Invitrogen XCell II TM Blot Module). Membranes were probed with mouse anti-synaptophysin primary antibody (1: 200 dilutions, Synaptic Systems GmbH, Germany). Horseradish peroxidase-conjugated secondary antibody (1: 500, Abcam, Cambridge, Mass., USA) was used for detection. Blots were developed by using the enhanced chemiluminescence system (Invitrogen Western Breeze ® Immunodetection Kit, USA) and X-ray photographic film (Eastman Kodak, New York, N.Y., USA). Expression of the housekeeping gene β-actin (Abcam) was used as an internal control for equal sample loading. In addition, developed films were analyzed semiquantitatively by densitometry with ImageJ software (from the NIH). Protein expression was measured in optical density units and normalized to the corresponding expression of β-actin. Relative fold differences between untreated and treated samples were calculated by using these normalized values. Each group consisted of 5 kits from 5 different litters.
Statistics
Kits from the same litter were nested to account for the lack of independence, and differences across groups were analyzed by using generalized linear model equation (GEE) for (1) the number of branches, (2) spine density, (3) number of cells in anterior dorsal, anterior ventral, and lateral dorsal nuclei of thalamus, and (4) Fluoro-Jade-positive cells. The control-saline group that had 2 kits from the same litter for the Golgi analysis, while the control-no intervention and endotoxin groups had kits from different litters. For immunostaining and Western blot, the kits in all groups were from different litters. For neurobehavioral analysis, we used Omnibus test for difference across all three groups, and when there was no variation in scores for a group, group differences with that group were based on 95% confidence interval (CI). If 95% CI does not contain the score for the group with no variation, this indicates significance at an alpha of 0.05. We used one-way ANOVA followed by Tukey's post hoc test to analyze the difference in synaptophysin expression across groups. All values are presented as mean, 95% CI.
Results
Neurobehavior Scoring
The newborn kits were scored for their motor ability by using a modified observational scoring system from video recordings as described previously [10, 29, 30] . The control-no intervention and control-saline kits had a significantly higher locomotion score when compared to the endotoxin kits (p = 0.005). A significant difference was also observed between head movement and hind limb movement in endotoxin versus control groups (p = 0.004 and 0.003). The control groups had better righting reflex scores (p < 0.001 for endotoxin vs. control-saline) and greater coordination of suck and swallow ( table 1 ) .
MAP2-Stained Neurons Are Decreased and Fluoro-Jade C-Stained Neurons Are Increased in the Anterior Thalamus of Endotoxin-Exposed Kits
Analysis with stereology revealed that the number of neurons in the anterior dorsal, anterior lateral, and anterior ventral regions of the thalamus was significantly re- The endotoxin kits had significant impairments in locomotion and righting reflex compared to the control groups. Values represent mean (95% CI). p values are calculated and reported for the control-saline vs. endotoxin groups where there is variation in the scores within the group. ; p < 0.001). To determine whether the decreased number of neurons in the anterior thalamus of endotoxin-exposed kits was associated with degeneration of neurons, we used Fluoro-Jade C, which stains basic proteins present in degenerating neurons. The number of Fluoro-Jade Cstained neurons was significantly higher in the anterior Fluoro-Jade C staining for the detection of degenerating neurons in the anterior thalamus of 1-day-old rabbit kits. a Representative image of Fluoro-Jade Cstained degenerating neurons in the anterior thalamus of control-saline and endotoxin-exposed kits. Insets and arrows indicate degenerating neurons. Scale bars = 25 μm. b Quantification showed that the number of degenerating neurons was significantly greater in the endotoxin-exposed kits than in the saline-exposed kits. * * * p < 0.001, the endotoxin group was significantly different from the control-saline group (4 kits/group). thalamus of endotoxin-exposed kits (mean, 102.9; 95% CI: 99.5-106.2) than in that of kits in the saline-control group (mean, 41; 95% CI: 33-49; p < 0.001; fig. 2 ).
Dendritic Atrophy in the RSC of One-Day-Old Kits after Maternal Intrauterine Inflammation
Newborn rabbit kits exposed to maternal intrauterine inflammation had fewer primary apical branches in their RSC than in control kits. GEE analysis showed a significant effect of endotoxin on dendritic arborization in the RSC of kits exposed to endotoxin compared to the control groups (p < 0.001). The total number of branches in the endotoxin group (7.9; 95% CI: 7.2-8.6) was significantly less than that in the control-no intervention (12.6; 95% CI: 11.3-13.9) and control-saline groups (13.4; 95% CI: 12.3-14.5; p < 0.001). Thus, the number of dendritic branches was reduced in the endotoxin-exposed kits by 37% compared to the control-no intervention group and by 40% compared to the control-saline group ( fig. 3 ).
Maternal Intrauterine Inflammation Results in Decreased Spine Density in the Apical Branches of Retrosplenial Cortical Neurons
GEE analysis revealed a significant reduction in the number of spines in the kits subjected to intrauterine maternal inflammation (mean, 39.9; 95% CI: 35.9-42.3) compared to the number in control-no intervention and control-saline groups (p < 0.001; fig. 4 ). The endotoxin group had significantly fewer spines (mean, 39.9; 95% CI: 35.9-42.3) than did the control-no intervention group (mean, 64.7; 95% CI: 51.7-77.8; p < 0.001) or the controlsaline group (mean, 67.8; 95% CI: 57.6-78.1; p < 0.001). Thus, the number of spines in 1-day-old endotoxin-exposed kits was reduced by 38% compared to that in the control-no intervention group and by 41% compared to that in the control-saline group ( fig. 4 ) . Maternal intrauterine inflammation leads to a decreased number of apical dendrites in the RSC of 1-day-old rabbit kits. a Representative images of Golgi Cox-stained neurons in the RSC of the control-no intervention, control-saline, and endotoxin-exposed groups. The endotoxin-exposed kits had fewer apical branches than did kits in either control group. b Sholl's analysis revealed a significant difference between the endotoxin and the control groups in the number of dendritic branches along a distance of 250 μm. * * * p < 0.001, endotoxin vs. control groups (4 kits/ group).
a b
Decreased Synaptophysin Expression in the Cortex of Endotoxin-Exposed Kits
Synaptophysin is the most abundant synaptic vesicle protein, and is widely used as a marker for the presynaptic terminal. Synaptophysin is synthesized in the neuronal soma and transported along the axon to the neuron terminals [34] . Loss of thalamic neurons would result in decreased formation and transport of synaptophysin to the presynaptic terminals in the RSC. Decreased synaptophysin indicates a loss of input to the RSC dendrites leading to the reduction in the number of branches and spines in the retrosplenial cortical neurons in endotoxin kits. In concordance with our hypothesis, the Western blot analysis demonstrated that synaptophysin expression was significantly reduced in the endotoxin group compared to that in the control-no intervention and control-saline groups (p < 0.001; fig. 5 ).
Discussion
Our study demonstrates that maternal intrauterine inflammation in pregnant rabbits at gestational day 28 causes a reduction in the number of MAP2-stained neurons in the anterior thalamus of newborn kits. The decrease in anterior thalamic neurons was due to increased neurodegeneration, as evidenced by an increase in FluorJade C-positive cells in the thalamus. In addition, endotoxin-exposed kits had decreased dendritic arborization and spine density in the RSC, which receives input from Synaptophysin expression is decreased in the cortex of endotoxin-exposed kits. a Immunoblot analysis of synaptophysin expression in the cortex of endotoxin-exposed (E), control-no intervention (C), and control-saline (CS) kits. β-Actin was used as a loading control. b Densitometric analysis revealed that the synaptophysin expression was significantly less in the endotoxin-exposed kits than in the two control groups. * * * p < 0.001, endotoxin vs. control groups (5 kits/group). Maternal intrauterine inflammation leads to a decreased number of spines in the apical branches of retrosplenial cortical neurons of 1-day-old rabbit kits. a Photomicrographs of Golgi Cox-impregnated spines in the primary apical branches of retrosplenial cortical neurons in the control-no intervention, controlsaline, and endotoxin-exposed groups. b The number of spines in the primary apical branches of the endotoxin-exposed group was significantly less along a distance of 50 μm than in the control-no intervention and control-saline groups. * * * p < 0.001, endotoxin vs. control groups (4 kits/group). a b the anterior thalamus and hippocampus. Activated microglia are known to cause injury to neurons through formation of free radicals, pro-inflammatory cytokines and excitotoxic metabolites [35, 36] . Although a robust increase in activated microglia in the white matter region of the brain is characteristic in our model, presence of activated microglia in the anterior thalamic nuclei was not observed. However, output from the thalamus traverses the white matter tracts which are infiltrated with activated microglia. Injury to the neurons may occur when they migrate through these white matter tracts [37] . However, neurons that form the anterior thalamic group in the rabbits originate between the 15th and 18th day of gestation, a time that precedes the introduction of LPS in our model [38] . Thus, the loss of neurons in the anterior thalamus may be secondary to axonal injury and impaired axonal transport, which leads to retrograde neuronal degeneration. A recent study has shown that glutamatergic neurogenesis continues in the rabbit brain even at gestational day 32 [39] . It is also possible that the decrease in the number of thalamic neurons observed in this study may be partly attributed to a decrease in neuronal progenitors in the subventricular zone. Numerous studies have shown that intrauterine inflammation can contribute to preterm birth and subsequent developmental abnormalities [37, [40] [41] [42] . Burd et al. [41, 42] have reported that maternal inflammation-induced premature delivery is associated with a decrease in MAP2-stained neurons and a decrease in dendritic arbor in cortical neuronal cultures. They suggested that the presence of proinflammatory cytokines may alter neuronal morphology, leading to a spectrum of cognitive and neurobehavioral disorders. Maternal LPS injection has been shown to alter cytokine levels and the profile of cortical neurons in neuronal cultures from mouse pups at term [43] . Additionally, abnormal dendritic arborization in the medial prefrontal cortex and hippocampus of neonatal and adult rats has been reported in an inflammatory model of schizophrenia [40] . These reports emphasize that injury to cortical neurons after maternal infection occurs in both preterm and term offspring. Our own results, taken together with these previous findings, highlight the importance of maternal inflammation in altering neuronal architecture in the neonatal brain. In our study, we found that along with the loss of dendritic arborization, there is a loss of the thalamic neurons that provide input to the RSC.
Dendritic branches are dynamic integrators of synaptic information and are essential for normal neuronal functioning. The number of branches or the branching pattern of neurons highly influences the transmission of synaptic signals to the soma; thus, a decrease in dendritic branches may hinder processing of neuronal information [44] . The decrease in dendritic arborization and spine density that we observed may also be due to a decrease in serotonin in the cortex. We have previously reported that maternal intrauterine inflammation and microglial activation in the fetal/neonatal brain results in decreased metabolism of tryptophan to serotonin in the cortex of newborn kits [12] . Serotonin is required for neurogenesis, neuronal migration, and synaptogenesis [45, 46] . Therefore, decreased serotonin can alter the dendritic arborization and perturb the developmental process in the cerebral cortex and hippocampus [47] [48] [49] .
In our animal model, we observed a decrease in the spine density and synaptophysin expression in the newborn brain after maternal intrauterine LPS administration. Spines are highly dynamic structures that harbor most of the excitatory synapses and consist of receptors and proteins that help in synaptic transmission [50] . Loss of spines has been reported in a number of neuroinflammatory disorders, such as Alzheimer disease, schizophrenia, and Parkinson disease [51] . The loss of spine density that we observed may result in decreased relay of inputs to RSC neurons, which may in turn influence the arborization of the RSC neurons.
Synaptophysin is a presynaptic terminal vesicle protein that is synthesized in the soma and transported anterograde via the axon. This vesicle protein is involved in exocytosis, synapse formation and regulating synaptic transmission in circuits involving learning and memory [52] [53] [54] [55] . Although the loss of thalamic neurons may result in decreased expression of synaptophysin in the cortex, activated microglia have also been reported to inhibit the axonal transport of synaptophysin directly [56] . We have previously demonstrated robust microglial activation in the periventricular regions of newborn rabbits exposed to maternal inflammation [10, 11] . The decreased synaptophysin expression in the cortex of kits exposed to maternal intrauterine inflammation may be caused by loss of thalamic neurons or the direct action of activated microglia on synaptophysin transport. A decreased level of synaptophysin has also been associated with loss of spines in other neuroinflammatory disease such as Alzheimer's disease [57] . Thus, the reduction in number of branches and spines in the retrosplenial cortical neurons observed in our study would parallel the loss of presynaptic terminals arising from thalamic neurons.
Lesions of the anterior thalamus are known to result in a loss of synaptic plasticity in the RSC [21] . A loss of neurons in the thalamus has been reported in patients with PVL [6] . Similarly, increased apoptosis of anterior thalamic neurons was observed in a rabbit model of fetal hypoxia-ischemia-induced CP [30] . Increased neuronal degeneration and inflammation were also noted in the periventricular region in a rabbit model of intraventricular hemorrhage-induced brain injury [39, 58] . In our study, the loss of neurons in the anterior thalamus was associated with a decrease in dendritic arborization and spine density in the RSC of newborn rabbit kits following intrauterine endotoxin exposure. Because the RSC receives its major input from the anterior thalamus and is also involved in cognitive function, it is possible that the loss of dendritic profile in the RSC may result from loss of target neurons. Thus, loss of anterior thalamic neurons along with an abnormal neuronal profile in the RSC may provide the basis for cognitive deficits in patients with CP.
Conclusion
Behavioral and cognitive disorders are seen in 30-50% of patients with CP [59] . Up to 59% of patients with PVL have thalamic damage that may explain the cognitive deficits often seen in CP [6] . The loss of thalamic neurons and loss of dendrites and spines in the RSC that we have reported in this study may explain the high incidence of behavioral and cognitive impairments associated with perinatal brain injury. Additional studies will be needed to help determine if rabbit kits exposed to maternal endotoxin administration develop cognitive deficits. Since there is a greater incidence of CP in males compared to females [60] , future studies may be warranted to evaluate the effect of sex on the extent of neuronal injury after maternal intrauterine infection/inflammation.
